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ABSTRACT 


Wind turbines are devices which utilise the energy of the wind for practical 

applications like flour grinding, water pumping and electricity generation. Depending 
b 

on the orientmon wind turbines can be classified as Horizontal axis (HAWT) and 
vertical axis Wind Turbines. (VAWT) 

In this experiment a modified Savonius-type vertical axis wind turbine is 
considered. The power developed by the wind turbine varies as the cubic of the wind 
speed. The rotor of the wind turbine consists of 2 end plates, 3 semi circular curved 
plates and 3 flat plates. A slit has been made on each of the 3 curved plates and a shutter 
has been designed which is supposed to open when the wind speed exceeds 12 m/s thus 
stabilising the power. 

The rotor dimensions are calculated based on the blockage criteria and NWTF 
balance data. The shutter opens when the wind speed becomes more than the rated wind 
speed to stop excess power production. The shutter is connected to the top of the rotor by 
a wooden coimector and flap and hinge arrangement. 

For the shutter to open at the design speed the moment equilibrium about the hinge 
is taken. The wind force lifting moment is balanced by moments due to weight of the 
shutter and connector. 

Two sets of test were done on the model. In the first the shutter of one curved plate 
is kept unlocked. The flat plate for this is aligned at angles from -40 to 40 deg . with the 
wind direction. The wind speed is increased steadily from 6 m/s and the speed at which 
the shutter opens is noted. 



In the second all 3 shutters are kept closed. The angle of incidence is varied from 0 
deg. to 120 deg. in steps of 10 deg. The wind speed is varied from 8 m/s to 20 m/s and the 
values of normal force, side force and rolling moment is noted from the strain gauge 
balance arrangement. 

A mounting mechanism for dynamic testing has also been fabricated. But due to 
non-availability of the horizontal sting mounting system dynamic test has not been done. 
More details of this are available in chapter 4. 
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INTRODUCTION AND LITERATURE SURVEY 


A windmill is a machine which converts the kinetic energy of the wind for useful 
purposes like water pumping , grain grinding etc. A modern windmill or wind turbine is 
used for the conversion of kinetic energy of wind for power generation. A modified 
Savonius rotor which is a VAWT is considered in this experiment. The oldest 
applications of wind energ}' were com grinding by windmills and ship propulsion by 
sails. 


The speed at which the wind turbine starts producing power is called Cut-in speed, 
normally this is about 3.5 m/'s. Power varies with the cubic of wind speed. The speed at 
which the power is made constant is called rated speed. This is about 1 1 m/s. The shutter 
mechanism designed in this experiment is supposed to open at 12 m/s thus reducing the 
torque and stabilising the power. The power corresponding to this speed is the rated 
wind power of the turbine. The speed at which the turbine is halted, disengaged or brakes 
are applied is called Cut-out speed of the turbine. This is about 25 m/s. The maximum 
wind speed which can be withstood by the turbine is called the survival speed and is 
about 45-55 m/s. (Fig 1.1) 

Instruments used to measure wind speed are called anemometers. The main types 
of anemometers are 

1- Pressure anemometer. 

2- Half-cup anemometer. 

3- Windmill anemometer. 

4- Gust anemometer 

5- Hot- wire anemometer. 
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In this experiment a vertical axis, modified Savonius rotor t>pe wind turbine is 
considered. The Savonius rotor was invented by the Finnish enginer S. Savonius in 1924. 
This consists of 2 half cylinders whose axes are offset relative to one another. 

The original model was constructed with a ratio of e/d = 1/j, e representing the 
offset of the inside edges and d the diamenter of the two half cylinders that make up the 
rotor. The machine is primarih' a differential drag machine although at certain orientations 
lift also contributes to torque. This turbine is easy to construct. ( Fig. 1.2) 

The Savonius rotor has been studied extensively by Canadian researchers Neumann 
and Lek Ak Chai. They studied the performance of the rotor for different values of 
offset e. The standard Savonius rotor is shown in Figure 1.2. 

The ratio of the speed of the tip of the wind turbine to wind speed is called tip 
speed ratio. The best results of torque and power are obtained for rotors constructed 
with paramenter e/d = 1/6 for which the maximum power coefficient reaches 0.3 For the 
original Savonius rotor the maximum power coefficient is 0.25. This is achieved when 
tip speed ratio is between 0.9 and 1.0. The average torque is very high and there is very 
large variation in torque. 

The power coefficient Cp is defined by 
P 

Cp = , 

1/2 p S V 

Where 

P = Power output of turbine 

p = density of air 

S = area of turbine (projected in the wind direction) 

V = velocity of air 
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The torque coefficient is defined by : 

Q 



1/2 p S V^R 

Where 

Q = torque output of turbine and R= D/2 is the radius 
The Power and torque coefficients are related by ; 

Cp = Cq* tip speed ratio 

The following data have been obtained from reference 1. 


a = 0.3 S = Dh. 

Tna\ 

p = 1 .225 kg/m^ 

P =0.18SV' 

max 

Where 

D = diameter of rotor 
h = height of rotor 

The modified Savonius rotor has been studied extensively by Prof Nguyen Vinh 
and data are available in Ref. 1 . 

The important features of vertical axis wind turbines based on differential drag are 

1- No yawing mechanism is needed to orient the turbine with the wind. 

2- The modified Savonius Rotor has high starting torque. 

3- Cyclic varying gravity stresses found in the cases of horizontal axis wind turbines 
are absent. 
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For modified Savonius rotor for any angle of attack there are at least Uvo aerofoils 
which give positive torque and only one gives the negative torque. Hence this is unidi- 
rectional and at no point it produces negative torque as in the case of Savonius. The flat 
plate directs the airflow towards the cup which adds to the drag. The flat plate acts like 
a splitter plate, which reduces the drag by narrowing the wake, when moving upwind. So 
net drag difference gives a huge torque. This has been taken from 
reference 4 and reference 3. 

Reference 3 gives the effect of Splitter plate on the drag of the bluff body 
attached to it. 

Reference 5 gives some perspective on windmills for Indian rural conditions. 



CHAPTER 2 


THEORY 

LIFT AND DRAG TRANSLATORS 


2.1 Drag translator : 

Consider a cup shaped bluff body moving with a velocity v relative to a wind 
speed of V.The body moves in a straight line in the direction of the wind.The swept area S is 
independent of the velocity' v. The bluff body has a large wake and hence drag is maximised. 
This is the simplest arrangement for extracting power. ( Fig. 2.1) 


Relative velocity’ = V- v 
D = 0.5 * p * (V-v) * (V-v) * S * 
P = D v = 0.5* p (V-v)2 vSCp 
P = P (v) 


For maximum and minimum values of P 
dP 


■=0 


dv 


Maximum power occurs when v = 


V 


Minimum power occurs when v = V. 
0.5*p *Co*S*4*V*V*V 


Pm ax 


27 


27 


Power coefficient = Cp 
Pmax 

C = 

‘’n.x. (0.5*p* V*V* V*S) 

For cup shaped bluff body Cp= 1.1 -1.2 
4 

Cp=— =0.14 

max 27 



2.2 Lifting translator : 


In this case the element moves prependicular to the wind. The work is done by 
lift as motion is opposed by drag. (Fig 2.2) 

V = velocit}- of wind. 

V = velocift’ of the body. 

a = angle between v and V. 
c = chord, width (span) = 1 
As V increases L and D vary with the relative wind. 

V V 

Cosa= — ir.==' : . .. Sin a = - 7- .. 

J(V^ +v2) 


P = 0.5*p*V*V*C*l*(qCos a-C„ Sin a)% 


Substitute E 


L 


c, 

— = efficiencv of aerofoil = — 
D ' C, 


R = — = Speed ratio 
V 

P = 0.5*p*C* (l-RTE) * R*(1+R*R) 

C = =C *(1-R/E)*R* (1+R') 

Cp = Cp (R, C,, E) 
dC„ 


dr 


= 0 


R = (EH-(E*E-8)/4 
When E» 8, R~E/2 
C = c ,♦ (4+E*Ey4 ~ C, *E/4 


E = 30 -40 for aerofoil. 



2.3 Comparison of lift and drag translators : 


1 . Lift translator can operate at V>v drag translator cannot. 

2. For the sake of comparison take C, = C_, = 1. 

E 

For a lift translator C. =— 

“ iiax 4- > 

4 

For a drag translator C_ = — 

‘max /I 


(P /lift) 
(P /drag) 

max 


= (27/16)* E. 


Since E > 40, the above ratio is 60. 

Drag torque > Lift torque. 

The lift translator is difficult to design, maintain and costly. 


2.4 Rankine-Froude Actuator Disc Theory: 

The rotor is replaced by an actuator disc through which the static pressure decreases 
discontinuously. The following assumptions are made. (Fig 2.3) 

1 . Steady, homogeneous wind. 

2. No obstruction to wind flow either upstream or downstream. 

3 . The flow velocity at disc is uniform. 

4. Incompressible fluid. 

5. No rotation of flow produced by disc. 



Pq = ambient static pressure far ahead of the windstream. 

S = cross-sectional area of control volume. 

V = decrease in velocity of wind due to rotating disc. 

Vq = wind velocity far ahead of the disc, 
u = V^-v = Velocity immediately after disc. 

U| = velocity far downstream of disc. The pressure returns to p^. 

A - area of rotor disc, 

p = density of air 

T = momentum lost by fluid = thrust exerted by rotor against flo\N’. 

From continuity equation 

V A =uA=u,A,- 

0 0 11 

let DQ = net flow out of the sides of the control volume shown. 

DQ=V^* [(S-A„)-(S-A.)]= V/(A,-A ) 

Writing the momentum theorem for the cylindrical control volume 
p V ^ S -T = pV^^ (S-A.)-p u,^ A,+ p DQ V . 

Substitutina for DQ and V A =u,A,. 

T=p*A,*u,*(V^-u,) 

Physically an actuator disc can be approximated by a rotor with a large number of very thin, 
dragless blades rotating with a tip speed ratio higher than 1. 

Applying the Bernoulli equation between section 0 and 



section 3 and between section 2 


1/2 p yo^+p = 1/2 pu^+p^, 

1/2 pu^+p^ = 1/2 pu,- +p^. 

The thrust on the rotor is given by 

T=A(s>^-p^) 

Substituting for Pj-p, from above 
T=pA(V/-u,^)/2 

Equating the above equations and using Au=A,U| 
u=(V+u,)/2 

This implies that the velocity at the disc is the average of the upstream and downstream 
velocities. Defining an axial interference parameter a 

a = fractional decrease of wind velocity across rotor disc. 

a= v/V 

0 

u= V (1-a) 
u=V/l-2a) 

The energy extracted by the rotor per unit time is 
P=l/2 pV^^Au-1/2 pUj^Au 
= 1/2 p Au(V^2-u,2) 

= 1/2 pAu(V -u,)(V -u.,) 
substituting for u we fmd 
P = 1/2 p AV^Ma(l-a)^ 



Defining power coefficient Cp= P/(0.5 p A 
Cp = 4a(l-a)- 

max 

Cp occurs when a=l/3 

max 

Cp =0.593 
We also find that 
u=(2/3)V^ 
ul=(l/3)V^ 

T = pA(V^^-u;-)/2 
taking U| = V^(l-2a) 

T = 1/2 p V^2A4a(l-a)] = qA4a(l-a)] 
q = dynamic pressure. 

Thrust coefficient = C.p= T/qA 
C^. =4a(l-a) 

Torque coefficient = Cq= Q/(0.5V^^Sr) 

S = entire area of turbine, 
r = maximum radius. 

Tip speed ratio = TSR 

= (Velocity of tip of wind turbine/Velocity of free stream) 
The power and torque coefficients are related by 
Cp = Cq*TSR. 
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2.5 Qualitative Theory of modified Savonius rotor : 


The modified savonius rotor is a primarily differential drag rotor. The drag on 
the reverse or concave part of the cup is greater than the drag on the obverse or convex 
part. This difference in drag gives a torque. When downstream of cup, the flat plate acts 
as a splitter plate and reduces drag (Ref 3). When it is upstream the flat plate deflects 
flow onto the cup. The flat plate receives lift at certain angles and adds to the torque. At 
any orientation there are atleast two aerofoils giving positive torque. The torque is al- 
ways unidirectional unlike the original savonius rotor. 

No quantitative theory is available for explaining the performance of 
modified savonius rotor. Experimental investigation is the only way to study the 
performance of this rotor. 




CHAPTER 3 


DESIGN 


3.1 Design Purpose : 

The modified savonius rotor consists of 2 top and bottom plates, 3 pairs of 
half-circle and flat plates. The dimension have been chosen considering the blockage 
criteria and weight of model. The length of the flat plate is 40 percent of the diameter of 
the top and bottom plates. (Fig 3.1) 

The pui-pose of the experiment is to stabilise the power of the wind turbine at 
12' m/s. A slit is made on the curved plates and a shutter mechanism has been designed 
which opens when the wind speed exceeds 12 m/s, thus preventing the drag from 
increasing and stabilising the power. The model is made from aluminium. 

The shutter is made of 18 gage mild steel. A wooden connector is rivetted to 
this. The wooden connector is connected to the top plate by a flap and hinge 
arrangement. The shutter is free to open when the wind speed becomes more than 12 m/ 
s. The moment equilibrium about the hinge is considered while designing the shutter. 
The wind force lifting moment is balanced by moments due to weight of shutter, 
connector and the flap, about the hinge. (Fig. 3.2) 



3.2 Material Estimation : 


The following components are needed for the construction of the rotor 
arrangement. 

1 . Top and bottom plates. 

Two aluminium circular sheets are needed, 
diameter = 70 cm. 
thickness = 3 mm. 

Due to margin for marking the circle on the aluminium sheet the diameter has been 
reduced to 68 cm. 

2. Flat plates. 

Three aluminium plates are needed, 
length = 28 cm. height = 50 cm. 
thickness = 3 mm. 

3. Curved plates. 

Three aluminium plates are needed, 
circumference = 3.14*14 cm = breadth = 43.96 cm. 
height = 50 cm. 
thickness = 3 mm. 
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4. Angles 

For connecting the flat plates and curved plates to the top and bottom plates 
42 L-shaped angles of dimensions 25 mm. x 25 mm. x 15 mm. and thickjiess 1.25 mm 
are needed. 

5. Wooden connector. 

Three wooden connectors are needed, 
length = IS cm. 
breadth = 4 cm 
thickness = 0.7 cm 

6. Flaps and hinges. 

Three pairs of flaps and hinges are needed. 

7. Shutters. 

Three shutters have been fabricated from 18 gauge mild steel of thickness 
1 .25 mm. Material has been removed from the tip of the shutters for smooth movement 
of the shutters through the slit. 

3.2 Calculation of rotor dimensions : 

The rotor consists of 3 blades each made up of a half circle combined with a 
flat plate. The quantities L, D, d are shown in the figure 3.1 . 

D = Diameter of rotor 

d = diameter of 3 curved plates. 

L = length of 3 flat plates. 


H = height of rotor. 



From figure 3.3 

L*L = (D/2*D/2) - (D/2-d+d/2)* (^-d+d/2) 

L*L = (D*d/2)- (d/2*d/2) 

It has been found that maximum power for the same wind speed is obtained when 
L = d. 

Substituting L = d in the above equation d = 0.4D. 

Area A 1 = d*H 

Area A2 = (d/2+d*Cos 30)*H=H/2* (1+V3)*d 
Projected area nonnal to tunnel = A = A1 + A2 
A = d*-H+H*d/2*(lW3) 

A = (dH/2) (3W3)/ 100 m' 

Area of test section in NWTF = 2.2 m *3m = 6.6 m* 

Various values of D,d,H,L are considered and the precentage blockages 


calculated in the table below. 


SI No. 

D(cm) 

d(cm) 

H(cm) 



% blockage 

1 

90 

36 

70 

36 

0.596 

9.034 

2 

90 

36 

65 

36 

0.554 

8.389 

3 

85 

34 

70 

34 

0.563 

8.532 

4 

85 

34 

65 

34 

0.523 

7.923 

5 

80 

32 

60 

32 

0.454 

6.883 

6 

80 

32 

55 

30 

0.4Tr6 

6.309 

7 

75 

30 

55 

30 

0.390 

5.915 

8 

75 

30 

50 

30 

0.355 

5.377 

9 

70 

28 

50 

28 

0.331 

5.019 

























































The rotor dimensions are selected based on the criteria that the model should 
not block more than 5% of the tunnel area. Hence the dimensions chosen are 
D = 70cm, H = 50cm, d = 0.4* D = 28cm 
This gives A =0.33 lm*m 
3.3 Design of shutter : 

The shutter is designed to open at a wind speed of 12 m/s. For this the mo- 
ment equilibrium about the hinge is taken. The wind force lifting moment is bal- 
anced by tlie moments due to weight of shutter, wooden connector and flap, ("ref 
F^, = Wind force on shutter 
= 0.5*C/^* V2* A^, Ag = area of slit. 

= 0.5 *1 *1.225 *12 *12 * 0.35 *0.01 
= 0.3087 N 

Wind force lifting moment about hinge 
= 0.3087 *0.25 =0.07718 Nm 

The centroids of the shutter, connector and flap have been calculated and tlieir 
distance fi'om the hinge has been shown in fig. 3.2.3. 3 - ’ 2-2 also") - 

Weight of connector = 20 g = 0.02 kg 
Weiligt of flap = 34 g = 0.034 kg 

Let weight of shutter = W^.g 

Distance of centroid of shutter from liinge = 12.62 cm 

Distance of centroid of connector from hinge = 5.83 cm 
Distance of centroid of flap from hinge = - 0.63 cm 

Taking moment equilibrium, 

( Wg* 0.126 + 0.02* 0.058 -0.034 * 0.0063 ) * 9.8 =0.07718 
This gives Wg = 55 g = 0.055 kg 

This weight of shutter is to be achieved by drilling lightening holes in the shutter. 
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CHAPTER 4: 


fabrication.experimental setup and 

TEST PROCEDURE. 

4.1 Fabrication: 

The model to be tested has 2 top and bottom plates, 3 pairs of cur\^ed and flat plates 
all made of aluminium. They are connected in the desired shape by angles made of mild 
steel. The shutters are made of 1 8gage mild steel. The 3 diagonal connectors are con- 
nected with flaps and hinges to the top plate. 

In addition to the above for dynamic testing a rotating mechanism was fabricated. 
This consisted of a 1 2mm diameter stainless steel rod mounted on 2 bearings.The 
bearings are housed in a mild steel cylinder of inner diameter 32 mm and outer diameter 
60mm. A steel disc of outer diameter 100mm and inner diameter 60mm Is force fitted on 
to this cylinder. Two steel rods have been fabricated on which 6 rubber pieces have been 
mounted to apply braking torque when required.This is supposed to be welded to the 
steel disc. This mechanism is connected to the turbine by 2 aluminium flanges. 

(Fig 4.2) 

4.2 E.vperimental Setup : 

A dummy balance arrangement was done before the actual experiment. Before the 
experiment the bottom plate of the model was connected to 2 supporting plates by means 
of suitabl)' placed nuts and bolts. A pre-fabricated central rod is connected to the two 
plates by means of a key arrangement. This is connected to an adapter by a similar key 
arrangement. The adapter is connected to the dummy balance provided by means of a 
screw. (Fig. 4.1) 

For the experiment the model was mounted on top of 2 supporting plates of 
different diameters each of thickness 1 cm. These 2 plates are attached to the bottom 
turbine plate by suitably placed nuts and bolts. A central rod is attached to the second 
supporting plate by a key arrangement. This rod is connected to an adapter by a similar 
key mechanism.The adapter is connected to the balance by a pre-designed mechanisih. 
The balance is placed on top of a second adapter by means of suitably placed screws. 
This arrangement is attached to the floor of the test section. The strain gauge balance is 
highly sensitive. The output from the balance can be read in the pre-designed software in 
NWTF. 



4.3 Initialisation : 


Before mounting the model it was checked that the weight of the model did not 
exceed the specified limit for the balance. The weight of the model is 15.75 kg and that 
of the supporting plates and the central rod weight about 2.5 kg. 


4.4 Check for rolling moment : 

The productive torque of the turbine model appears as the rolling moment 
for the balance. It has to be checked that the maximum rolling moment on the model falls 
within the range of the balance. 

Cjj for a half cylinder when air is incident on the concave face = 2.3 (ref 1) 
Cp for a half cylinder when air is incident on the convex face = 1.2 
assume maximum C^of the total system at any orientation =3.5 
Taking maximum wind speed = 23 m/s. 

Corresponding drag = 1/2’PV^ S 

= Cp * 0.5 * 1.225 •*.23 * 23 * 0.5 * 0.28 
= 158.77 N 

Assuming wind force causing rolling acts at the centre of the curved plates, 
moment arm= 0.21 m 

Maximum rolling moment = 158.77*0.21 

= 33.34 Nm= 3.39 kgfm 

This is within the permissible range for the balance. 

4.5 Check for pitching moment ; 

It has to be checked that the maximum pitching moment on the model does 
not exceed the maximum pitching moment capacity of the balance. 

Drag on the model considering it a solid rectangular flat plate of same 
projected area and assuming Cjj = 1.2 (ref 1) 

Drag = 1.2*0.5*1.225*23*23*0.5*0.68 

= 132.1971 N 

Distance from centre of model to centre of the balance = 71,45 cm 
Maximum pitching moment due to model = 132.1971*0.7145 = 94.45 Nm 



Maximum pitching moment capacity of the balance - 15.6 kgfm 

= 153.036 Nm 


This condition is also satisfied. 


4.6 Test procedure : 

The model was mounted on the NWTF test section. Two sets of test were 
conducted. The cross-sectional area of the tunnel is 2.2 m * 3 m. The model is mountd on 
top two supporting plates. The arrangement is as shown in the photograph. (Fig. 4.6l, 4.7, 
4.4, 4.5) 


4.7 Test 1 ; 

1. In this set of experiment the shutter of one of the curved plates was not locked 
while the other two remained locked. 

2. The flat plate corresponding to the curved plate with unlocked shutter was oriented 
at 20 deg to the wind direction in order to obtain full blast of the wind on the 
shutter. (Fig 4.3) 

3. The wind speed is varied from 8 m/s to 20 m/s and the amount of deflection of the 
shutter is noted. 

4. The same procedure is repeated with the flat plate corresponding to the unlocked 
shutter oriented at 40 deg, 20 deg, 0 deg, -40 deg, -20 deg. 

5. The normal force, side force and rolling moment are noted from the strain ^auge 
balance arrangement. The calibrated circuit arrangement and software are 
available at NWTF. 

6. The temperature and pressure inside the test section are also noted. 


^ n 



4.8 Test 2 : 


1. In the setup all 3 shutters are kept locked. 

2. The flat plate is held at 0 deg to the wind direction. This alignment varies with the 
balance axis by 3| leg. (Fig 4.3) 

3. The orientation of the balance axis with the 0 deg. wind is noted. 

4. the wind speed is varied from 8 m/'s to 20 m/s at suitable interv-als and the angle of 
attack is varied from 0 deg to 120 deg. in steps of 10 deg. Angles greater than 120 deg 
are not considered since the flow pattern repeats after every 120 deg. 

5. The corresponding values of rolling moment, normal force and side force are noted 
down from the strain gauge balance arrangement. 

6. The actual values of the side force and normal force, Lift and Drag are calculated 
by knowing the difference in angle between the axis of the strain gauge balance arrange- 
ment and 0 deg wind direction by applying suitable transformation. 



CHAPTER 5 


RESULTS 


5.1 Test 1 : 

I'he amount of opening of the shutter with variation in windspeed is noted. The 
experiment was started at 6 m/s. The shutter remained closed at 6 m s and 8 m/s The 
amount of opening of the shutter with variation in wind speed and angle of attack is show n 
below . 
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0.75" 

1 8 

2” i 

2” 

2” 

2" 
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Maximum amount of tape opening corresponds to 2 inches. 
Atmospheric pressure = 29.63 inches of Hg. 

Atntospheric temperature = 19'’C 


The rolling moment at zero angle of attack for various wind speeds is shown 

below. 


Wind speed 
Cm(3) 

6 

8 

10 

12 

14 

16 

18 

HHESHuBH 

0.0661 

0.1137 



0.3331 

0.4294 

0.5366 





















5.2 Test 2 : 


The shutter on all 3 cur\ed plates are kept loeked. The wind speed is varied 
from 8 m/s to 17 ms in steps of 3 nu's. The angle ofattaek is \aried from 0 deg. to 
120 deg. in steps of 10 deg. The values of normal force, side force and rolling 
moment are obtained from the strain gauge balance arrangement. The angle made 
b\ the axis of the balance and wind direction is noted. Knowing this, the lift and 
drati are calculated and plotted a£ainst the ancle ofattaek. The balance axis is at an 
ancle ol 31 dec. from wind direction at zero ancle of attack. The sicn convention 

■" A " 


for measuring angle ofattaek is gi\en in fig. 4.3 


5.3 Conclusion : 

All graphs of lift \ s. angle ofattaek. (fig. 5.1) are similar. The lift is negati\e 
at 40 deg. This is because the flat plate of the second pair of aerofoil produces large 
negative lilt. The lift is maximum at 70 deg. In this position the flat plate of the 3rd 
pair of aerofoils directs the flow onto the curved plate producing large lift in the 
positiA’C direction. 

All graphs of drag vs. angle ofattaek (llg. 5.2) are similar. All graphs of 
rolling moment \’s. angle of attack (fig 5.3) are also similar. The plot of rolling 
mom<^nt at zero angle of attack vs. wind speed is also shown (fig. 5.4) 



The shutter opens between 12 m/s and 14 m/s. The plot of rolling moment 
is extrapolated from 12 m/s and this is above the experimental curve for angle of 
attack 0 deg. and-20 deg. and this shows that some rolling moment and hence 
power has been cut back when the shutter opens. ^ . 

However for 20 deg. and 40 deg. it seems rolling moment is either 
improving or remaining the same. This is a feature which needs to be further 
investigated. 



Test 2 : 
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\^incl 

Velocitv' (V) 

Angle of 
attack 
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force (NF) 
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Side force 
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Downstream view of model 


Upstream view of model 





